ABSTRACT: Experimental solubility data are presented for a set of binary systems composed of ionic liquids (IL) derived from pyridium, with the tetrafluoroborate anion, and normal alcohols ranging from ethanol to decanol, in the temperature interval of 275À420 K, at atmospheric pressure. For each case, the miscibility curve and the upper critical solubility temperature (UCST) values are presented. The effects of the ILs on the behavior of solutions with alkanols are analyzed, paying special attention to the pyridine derivatives, and considering a series of structural characteristics of the compounds involved. Miscibility curves are modeled using, for the first time in a LLE study, an adimensional form of a semiempirical model proposed for the Gibbs excess function, Res. 2010, 49, 406], whose particular form in this work is
INTRODUCTION
Because of the interest in the use of ionic liquids (ILs) as solvents in applications in the chemical industry, it is important to know their solubilities with other conventional solvents. More specifically, some pyridine derivatives (such as those used in this work) have produced good results in certain applications, such as sulfur extracting agents, 1 lubricants, 2 and chemical reactions. 3 Our research group has worked with three isomeric substances having a common nucleus of a pyridine derivative, [butyl-Xmethylpyridinium] (X = 2, 3, 4) [tetrafluoroborate], 4À6 and other nonisomeric [butylpyridinium] [tetrafluoroborate], 7 using water and several alkanols (methanol to pentanol) as solvents. For some of these mixtures, the miscibility capacities are known; however, these studies are incomplete, because the initial working project included a greater number of alkanols, from methanol to decanol, with the limitations imposed by the variable temperature in experiments carried out at atmospheric pressure. Here, the previous studies are complemented by providing data, and their analysis, for new systems. The main objectives of this work are to provide experimental data for liquidÀliquid equilibria (LLE), and their interpretation and modeling. The latter is a fundamental step in the field of dissolutions, where the model is used in specific applications in chemical engineering and that have not yet produced satisfactory results. In case of LLE, and from previous experience, it is sometimes difficult to apply the mathematical model correctly, because of the presence of broad plateaus on the miscibility curves, making it difficult to estimate these curves accurately in solutions with ILs.
The first stage in this work consisted in constructing a database (x IL ,T) formed by a set of 14 previously studied systems, with [butyl-X-methylpyridinium] (X = 2, 3, 4) [tetrafluoroborate], or [butylpyridinium] [tetrafluoroborate] + alkanol, 4À7 and by a set twenty-five new binary systems determined experimentally for this work. The literature shows that the data correlation has been mainly performed using the Non-Random Two-Liquids (NRTL) model. 8 However, because of the irregular distribution of the LLE data, there is some difficulty fitting the systems studied, and extended versions of the original model must be used to obtain acceptable correlations. Previous works 9, 10 have presented the development and application of a polynomial model for Gibbs excess function G E = ψ{p, T, z(x)}, which gave good results for the correlation of vaporÀliquid equilibrium (VLE) data and other properties of solutions. This model will be Industrial & Engineering Chemistry Research ARTICLE used in this work for the first time to study its efficacy in the treatment of liquidÀliquid equilibrium (LLE) data, comparing the goodness of fit of the correlation obtained with that obtained via the NRTL model. For a rigorous treatment of LLE data using the two models mentioned, a potent genetic algorithm (GA) is used, which was specially developed for this study, which takes into account the global stability tests as a criterion of solution stability, verified by Marcilla et al. 11 2. EXPERIMENTAL SECTION 2.1. Materials. Ionic liquids used in this work contain the common anion tetrafluoroborate [BF 4 ] À and the following pyridinium-derived cations: [butyl-X-methylpyridinium] + (X = 2, 3, 4), [butylpyridinium] + , and [hexylpyridinium] + . All the ILs were provided by IOLITEC, GmbH & Co. KG, and had a commercial purity of 99+% w/w. Before use, they were degasified with ultrasound and slow distillation in a rotavapor. The water content was determined with a Model C-20 Karl Fischer coulometric analyzer from Mettler, showing values of <350 ppm in all cases. The ILs were stored and handled, and the mixtures were prepared in a drybox, with a moisture content of <5%. Alkanols of the highest commercial purity were supplied by Aldrich, and before use were degasified for several hours and stored over a 0.3-nm Fluka molecular sieve. The water content of the alkanols was measured using the apparatus described above and gave acceptable values. Nonetheless, the purity of the alkanols was verified by GC, giving values close to those indicated by the manufacturer. The quality of all the products was verified by measuring their densities F, and refractive indices n D , at 298.15 K and atmospheric pressure. The values obtained for the ILs and the alkanols were similar to those reported in previous works, 4À7,12À15 (see Table 1 ). Measurements of F and n D were recorded for all products in the interval of 288À328 K, estimating the correlations of these properties in Table 1 as a function of temperature. The comparison of the thermal expansion coefficients was acceptable.
Apparatus and Procedures.
Experimental determination of the solubility points of mixtures of ILs + alkanols was carried out in a LLE cell, 4À6 using a procedure of continuous dilution with visual detection of turbidity changes. Measurements were made in the temperature interval of 275À420 K and at atmospheric pressure, while the cell was thermostatted at all times using a Polyscience external circulation thermostat bath with a liquid coolant, with temperature control of (0.01 K, reflected by oscillations in the cell of (0.02 K. The transition temperature was measured with an ASL-F25 thermometer that showed (1 mK. A Model PT100 probe submerged in the liquid showed a reading error of (0.03 K in the measurement of the cell internal temperature. Solubility measurements (x IL ,T) were initially made putting a known quantity of IL in the cell, adding accurately determined quantities of the corresponding alkanol, using Hamilton Model TLL 100-μL precision syringes. These quantities were also estimated from weight differences. A magnetic stirrer facilitated dissolution, with heating and/or cooling, until the phases had been transformed to a single completely homogeneous phase. The temperature at the time of transition was recorded. The operation was repeated several times with known quantities of alkanol. Pairs of values (x IL ,T) were determined until values close to x IL = 0.5 were obtained. The IL compositions calculated for each point presented an uncertainty of (0.001. The process was repeated in the opposite direction, introducing a known quantity of alkanol in the cell, to which small quantities of ionic liquid were repeatedly added, and calculating the compositions in the interval 0.5 > x IL > 0. By plotting the new pairs of values (x IL ,T), the graph started in the previous stage can be completed. All the reagents were handled using the appropriate safety precautions.
RESULTS
3.1. Experimental LLE Data. . The database generated was used together with data published previously 4À7 to achieve one of the objectives of this work, to treat and correlate them using two models: the NRTL model 8 and a parametric model proposed by the authors in previous works 9, 10 (detailed in the following section). The graphs in Figures 1aÀe show the results for the set of compounds studied, with the distribution of experimental points obtained for each of the ILs. It can be seen that all the systems have the same binodal curve typology, with an Upper Critical Solubility Temperature (UCST) presenting a quasi-regular 3.2. Interpretation of Experimental Results. The experimental data obtained can help to make a brief analysis of the behavior of binary systems, based on different aspects that characterize the nature of the ILs used, and the factors affecting the solutions chosen. The most important aspects to be taken into account are:
(a) the nature of the ionic cation/anion groups, (b) the functional groups that are added to each of these, and (c) the chain lengths and the position of the groups in the organic part of the IL.
The experimental work has been carried out with several ILs with a common cation, and a central core derived from pyridium. Hence, the analysis must especially focus on the aspects mentioned in aspect (c), which is shown later. Nonetheless, from the aspects mentioned in (a) and (b), comparative observations can be made that can help to interpret the systems' behavior.
Regarding the anion, in relation to the same pyridium-derived ILs studied here, the literature 16 reports data for [butyl-3-methylpyridinium] [bis(trifluoromethylsulfonyl)imide] + alkanol (C 4 , C 6 ), and the following order can be observed, for the same alkanols, for the miscibility curves as a function of the anion of the IL: [bis(trifluoromethylsulfonyl)imide] < [tetrafluoroborate] see Figure 2b , which shows that the anion/cation interaction of the former are weaker and are able to easily form hydrogen bonds with the alkanols, giving rise to greater mutual solubilities, with miscibility curves and UCST values lower than those recorded for the [ . The same applies to analogous mixtures but with imidazolium derivatives. 17, 18 In a brief comparison of the cation in relation to its chemical nature, leaving the influence of the alkyl chain bonded with the 3.2.1. Influence of the Alkanol Chain on Miscibility Curves. Figures 1aÀe shows that, at the same temperature, the composition corresponding to mutual solubility in the interval [0 < x IL < x IL,UCST ] decreases with increasing alkanol chain length, because of a decrease in its polar character. The latter factor increases the tendency to immiscibility. This is shown in Figure 2a , which reports the changes in UCST of each binary mixture of IL + alkanol, for a same alkanol, versus the number of carbons in the linear alkanol. This result can also be observed in mixtures of a similar nature in which the IL contains the [ À , which could be used to carry out an exhaustive analysis on the evolution of binodal curves as a function of alkyl chain length of cation. The information presented in this work permits one to declare that an increase in alkyl chain length of the cation leads to a decrease of the UCST, 17, 18, 33 for the same alkanols, as shown in Figure 2c , for 4À7 can be used to study the evolution of the miscibility zones and the tendencies presented by their maxima, UCST, and biphasic regions, in relation to the position occupied by the methyl group in the pyridine ring. [tetrafluoroborate], since this is not an isomer of the others; in other words, it has "zero" CH 3 À groups bound to the central nucleus.
Hence, Figure 2d clearly shows a regular decrease in the UCST value, which is lower in the IL group with the para-position, since the lengthening of the molecule permits a better physical accommodation of the compounds in the final solution. This accommodation becomes more difficult for the meta-and orthopositions.
THERMODYNAMICÀMATHEMATICAL ANALYSIS: DATA CORRELATION
The distribution of solubility data presented in Table S1 in the Supporting Information and in Figures 1aÀe would lead one to expect certain difficulties in obtaining a good correlation. Therefore, the data were adjusted with two models: NRTL, 8 which is one of the models most used in phase equilibrium studies, especially in the study of solutions with ionic liquids, and where the goodness of fit obtained can be used to check the value of another model, which consists in a polynomial expression previously used by the authors of this work to treat vaporÀliquid equilibria (VLE) data and other properties, with excellent results. 9, 10 The latter is established for Gibbs' excess function, which is related to the active fraction z and is also a function of composition and temperature since, here, the isobaric behavior is analyzed. The procedure used for both models is designed to strictly comply with the isoactivity criterion and to guarantee the stability of the solution established with conjugate compositions.
In binary solutions, the curve that describes Gibbs' energy function, or that corresponding to the adimensional function versus the composition,
plays an important role in establishing the necessary condition to ensure the stability of phases. Hence, at different fixed values of pressure, temperature, and composition for the binary mixture x 1 , the solution is absolutely stable if, and only if, all the points of g are above the tangent straight line to this curve at x 1 . By contrast, there will be concentration intervals in which the following is true:
in which the extreme values coincide with compositions where curve g reaches points of inflection, and some points on this curve will share the same tangent straight line. For a binary mixture, the Gibbs molar energy can be expressed as
These comments are graphically represented in Figure 3 for one of the systems studied, namely, [bpy][BF 4 ] + pentan-1-ol. The black line characterizes the g-function at a temperature of 331.08 K calculated by the proposed model, according to the procedure indicated below; the red line represents the miscibility curve for that binary-and the corresponding isothermal-observing how the points tangent to the g-curve coincide with the LLE compositions at that temperature. Now, considering the variation of a set of situations shown in Figure 3 with temperature (for different values of T), a succession of conjugate compositions is generated, creating a surface in a three-dimensional (3D) diagram (see Figure 4 ).
The condition expressed by eq 1 can also be expressed as a function of the Gibbs molar excess energy, instead of Gibbs molar energy of the mixture, giving rise to the following condition of instability, with the presence of two phases:
In the analysis of a general situation-e.g., the case of a solution at p j and T j , which has reached a state of equilibrium j, and that presents composition values that satisfy the condition expressed by eq 3-will present immiscibility with separation into two liquid phases, I and II, where the conjugate compositions for compound 1, x 1j I and x 1j II , will coincide with points on the g-curve that have the same tangent line. In the case of LLE, the thermodynamic equilibrium condition of equal chemical potentials in the phases where the component is present, can be relaxed to one of equal activity, since both phases are liquid. For a binary mixture, the mathematical model of LLE presents, for each state of equilibrium j, a system of equations for each pair of conjugate compositions, or tielines, determined experimentally as follows:
where γ i α represents the activity coefficient of the compound i in phase α = I, II.
To calculate the parameters of the model chosen for the activity coefficients, the criteria described in the literature 11 have 4 ] + pentan-1-ol, indicating the isothermal curve (solid black line) at 331.08 K and the red line on the surface, which is generated by the set of points corresponding to the shaft between that surface and the tangent lines under isothermal conditions. The projection on the TÀx IL plane of the 3D trajectory creates a curve of the conjugate compositions of LLE for the binary indicated in Figure 3 .
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ARTICLE been applied. For this purpose, we have used the two-stage iterative procedure described in the flow diagram given in Figures A1 and A2 in the Appendix. The first stage uses the necessary but insufficient isoactivity condition, and the second one uses minimization of the compositional differences between the experimental and calculated phases. Optimization problems, established in these two stages, were carried out by applying an evolutionary technique based on a genetic algorithm (GA), which guarantees the attainment of global solutions to these problems. The characteristics of these global algorithms are similar to those of others constructed for the joint correlation of different thermodynamic properties, and some of their applications to other cases, which have been presented in previous works. 9, 10 The detailed stages of this procedure are as follows: (1) Initial values are calculated for the model parameters obtained by optimizing an objective function (OF) γ , based on the isoactivity criterion and expressed as
and using the experimental molar fractions of each species in both liquid phases. II , using the parametric model adapted for activity coefficients:
This procedure guarantees that the fitting procedure is designed to obtain the set of parameters that determines the real conjugate compositions that are closest, as a set, to the m experimental values. Since the experimental solubility data presented in Table S1 in the Supporting Information do not include the conjugate compositions for each temperature, which would permit use the above objective functions (OF) γ and (OF) x , these data must be interpolated to get values for the equilibrium compositions of the first compound in both phases. In this second stage, the algorithm is applied with the mass evaluation of (OF) x for each set of parameters, proposed as a partial solution to the minimization problem, and then the x ij,cal I and x ij,cal II for each set of parameters, can be calculated. The validity of the procedure presented so far lies in the fact that these calculated molar fractions correspond to real equilibrium compositions. One way of guaranteeing this requirement, as applied in this work, consists of determining these molar fractions by resolving the set of equations given as eq 4 with current values of the parameters of the model (for each p and T for which experimental data have been determined), to establish the tielines calculated by the model. These 2 Â 2 systems of nonlinear equations then are resolved using a conventional NewtonÀRaphson type iterative procedure. As mentioned previously, this isoactivity criterion is a necessary but insufficient condition to ensure the stability of the phases in the compositions calculated. Moreover, there is no guarantee that there is a unique solution to the set of equations described by eq 4, which we have used to determine these compositions. A more rigorous method entails a partial analysis of the stability of the solutions calculated. This analysis is based on eq 3, or by using the activity coefficients as a condition of stability in each phase of a binary mixture, as shown below.
The correlation procedure for the LLE data described will be operative after suitable models have been adopted for the activity coefficients. In recent studies, 9, 10 we have discussed the utility of a parametric model, of the type G E = G E (p, T, x), for the Gibbs excess function in multicomponent systems, of the form
where
In this work, LLE data were determined at constant pressure, so this version of the model can be simplified, by either making p = 101.32 kPa, or by removing the intensive property from eq 9. Selecting the second option leads to the following version of the model, which has been adapted to the isobaric case:
In this work, we have used this adimensional form for the Gibbs function. Therefore, those corresponding to eq 9 will be modulated by the factor RT. The variation as a function of temperature is generated through the active fractions as follows:
The corresponding expressions for the activity coefficients are
One of the outstanding characteristics of the polynomial model (eq 8) is its flexibility, which can be understood as the capacity to adapt its formal elements to the experimental data for which a correlation is desired. Inspection of the miscibility curves in Figures 1aÀe shows that the experimental data are largely homogeneous, with wide composition intervals, presenting very slight differences between the equilibrium temperatures, even at the critical point UCST. This results in wide plateaus at the top of the curves, which become even wider with increasing alkanol chain length. This feature makes it difficult to correlate the data, and it shows the need for models with a sufficient capacity for adaptation. Hence, in this work, for modeling by eq 8, we have opted to use a second degree in the active fraction z(x), with only the first three terms of eq 9 as temperaturedependent coefficients. Since pressure remains constant, the final form is
Some comments have previously been made in previous studies 9,10 about the parameter k(T) that appears in expression of eq 11 of the model. It was found that the best results are obtained when this parameter is independent of temperature (k(T) k). The best results were obtained in the global fitting process, together with the other g ij of the model. The correlation of solubility data for each of the binary mixtures in the study produced optimum values for the model parameters expressed by eq 10, with the standard errors shown in Table  S2 in the Supporting Information), and calculated using the following expression:
where m is the number of experimental points. Figure 5a reports the values of parameter k for each of the mixtures studied in relation to alkanol chain length. The variation of these parameters presents an increasing tendency when the LLE data are correlated, which is in agreement with its regular variation when determined in relation to certain thermodynamic quantities (see refs 9 and 10). Figures 1aÀe illustrates the curves obtained with the model for each of the systems, and they show an acceptable representation of the solubility points. The standard deviations reported in Table S2 in the Supporting Information give a quantitative picture of the excellent behavior of the model (eq 10), despite the apparent initial problems with the distribution of the points. Figure 6 shows a 3D representation of the stability analysis of mixtures [bpy][BF 4 ] + alkanol (C 2 ÀC 7 ) with the three quantities x IL , T, E (where E is the condition imposed by eq 3). The values of E are calculated using eq 8 and the parameters from Table S2 in the Supporting Information, and compliance of the phase stability condition is verified for the systems indicated. A better observation of stability condition is represented on the EÀx IL plane.
To assess the behavior of the proposed model, the data were also correlated with the NRTL model: 
Because of the special characteristics of the distribution of experimental points, we considered using an extended form for the τ ij coefficients, as proposed previously by other authors.
34,35
The set of adjustable model parameters are composed of both the coefficient of nonrandomness α and the coefficients Δg ij1 , Δg ij2 , and Δg ij3 , which model the variation in molecular interactions with temperature. The generic expression for activity coefficients obtained from eq 16, which are used directly in each stage of the LLE data correlation procedure followed here, are shown below:
The procedure used to correlate data was identical to that described for the model proposed by eq 8. The same application (described in detail in the Appendix) was used in both cases. Quantitative results of the fits carried out with this model, the values of the parameters and the standard errors associated with the compositions (eq 15) are reported for each binary mixture in Table S2 in the Supporting Information. The parameter α was considered as an additional parameter estimated in the same correlation procedure. For all the systems, the values of α oscillate nonregularly from 0.1 to 0.39 (see Figure 5b) , except for the system [butyl-3-methylpyridinium][tetrafluoroborate] + ethanol, which presents a value of 0.05. In other words, the systems present values within the interval recommended in the literature (all the data from the DECHEMA LLE collection have been correlated with α = 0.2).
Representations of the curves obtained in the fits of solubility data from the two models are presented together with the experimental data in Figures 1aÀe. Qualitatively, important differences are observed, especially at the extreme region, where the NRTL model presents curves that do not exist in the real situation, which are also quantitatively shown in the standard deviations s x of the correlations. This analysis is based on trends observed in the experimental data and was the reason behind our decision to use the extended version of the NRTL model. This fact justifies our choice of eq 17, which includes six parameters, as a suitable way of making its interaction coefficients τ ij dependent on temperature, and also our decision to make parameter α an additional adjustable parameter. For the NRTL model, we verified that the use of alternative expressions, with fewer parameters, do not produce acceptable correlations in most of the systems studied here. This is also shown in the literature 16 in binary mixtures of ILs, based on pyridine derivatives and imidazolium with alkanols.
CONCLUSIONS
This work presents a correlation procedure of compositionÀ temperature solubility data for a set of 38 binary mixtures comprised of five ionic liquid (IL) pyridine derivatives having the common anion [tetrafluoride borate] À , and a series of linear chained alkanols (from ethanol to decanol). The (x IL ,T) paired values were determined with the "cloud point" method to obtain points on the binodal curve in the critical regions that define the miscibility zones. The UCST points determined for each mixture presented a regular increasing tendency with increasing alcohol chain length.
Two correlation models were used for the Gibbs function: one previously employed by the authors to correlate vaporÀliquid equilibrium (VLE) data 9, 10 and derived thermodynamic quantities, and an extended version of the local composition model (Non-Random Two Liquids, NRTL), for comparative purposes. A correlation method was applied (the same for both models) using a genetic algorithm (GA) 36 as a correlation tool and the appropriate objective functions for this procedure. The rigorous method of fit included two stages: one based on isoactivity criteria and the other guaranteeing solution stability established by the conjugate compositions. In general, the equation proposed here yielded acceptable results slightly better than those obtained with the NRTL model.
' APPENDIX
A genetic algorithm (GA) 36 was used to solve the problem of optimizing the objective functions, (OF) γ (eq 5) and (OF) x (eq 6), proposed in the two stages, which guarantees global solutions. 35 The flowcharts in Figures A1 and A2 reflect the implementation of a GA to solve each of those stages. The GA starts from a set of possible random solutions, "populations", the size of which (or pop_size) is fixed by the researcher. Each individual in these populations is a chromosome and represents a solution θ, of the optimization problem to be solved, which, in our case, coincides with the specific collection of model parameters adopted, NRTL 16À18 or the model proposed for the activity coefficients, γ i (x 1 ,p,T;θ) (eqs 10 and 14). In the GA, these chromosomes (solutions) are subjected to the genetic operations of crossover and mutation, giving rise to offspring chromosomes (other solutions). On one hand, two progenitor chromosomes combine to produce an offspring; on the other hand, the chromosome code is altered to produce a different one by mutation. In each generation, both the progenitor chromosomes and the offspring are assessed to be used using the objective functions of that chromosome (OF) γ (θ) and (OF) x (θ). The best chromosomes are selected to produce the following generation, and the others are discarded: after several generations, the GA converges in the best chromosome and, therefore, to the global solution of the problem. Considering the variables (OF) γ (θ) and (OF) x (θ) as the model parameters chosen to correlate the γ i (x 1 ,p,T;θ), a limitation is imposed by introducing search intervals. Although, for stage 1, there is no previous information to that included within these intervals, the ones in stage 2 are based on those calculated as a solution (initial seed) from stage 1. After setting these search intervals, taking the set of experimental LLE data as a starting point: X = {(x ij I ,x ij II ,p j ,T j ) i = 1, 2; j: 1, ..., m}, GA operates in a similar way for both stages, and can be followed in Figures A1 and A2:
Step 0: Introduction of data X = {(x ij I ,x ij II ,p j ,T j ) i = 1, 2; j: 1, ..., m} Step 1: A first generation is developed, t = 1, selecting the pop_size chromosomes (θ 1 t , ..., θ pop_size t ) randomly in the established search intervals.
Step 2: The objective ofunction (OF) is assessed for each of these chromosomes.
Step 3: Two progenitor chromosomes are selected (θ a t ,θ b t ), by means of a size 2 tournament, which consists of selecting the best chromosome, minimizing the OF to which it is paired, from two taken randomly from the current population t.
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Step 4: These chromosomes will crossover with probability p cro , for which they will take values between 0.6 and 0.8, producing two offspring chromosomes (θ a /t , θ b /t ), generated by the convex linear combination of the progenitors.
Step 5: The previous chromosomes will mutate with probability p m , with values between 0.1 and 0.2, by arithmetic mutation, producing offspring (θ a //t , θ b //t ).
Step 6: The objective function is assessed for each of the chromosomes θ a //t and θ b //t : (OF) γ (X;θ) for stage 1 and (OF) x (X;θ) for stage 2.
Step 7: The two best parameters of the set (θ a t , θ b t , θ a //t , θ b //t ), considering that their respective associated (OF) values will become the next generation, t = t + 1.
Step 8: A stopping condition is imposed for the GA corresponding to a given number of generations max_gen. The steps described present the shared features of both stages, although it is appropriate to describe the main differences between them. The application of the GA in stage 2, steps 2À6, includes the mass evaluation of the function (OF) x (eq 6). This entails the calculation of the conjugate compositions, x ij,cal I and x ij,cal II , for each of these chromosomes solving the system of equations presented as eq 4. Finally, the greater rigor of this method is guaranteed with the stability analysis of the solutions calculated as described here. Figure A2 , between steps 5 and 6, shows how the analysis is carried out with stage 2 of the fitting procedure, which is based on the stability condition of eq 7.
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